Aims/hypothesis. The process of cardiovascular complications in Type 2 diabetes mellitus (DM) is unclear. We investigated pathophysiological changes of the heart and vessels in the Otsuka Long-Evans Tokushima Fatty (OLETF) rat Type 2 DM model during a long time period. Methods. Echocardiography was carried out at 22 and 62 weeks of age of OLETF (n=10, each) and agematched Long-Evans Tokushima Otsuka (LETO) rats (n=10, each) as a reference. Haemodynamic measurements and histological examinations of the heart and the coronary and aortic vascular walls were done. Results. The left ventricular (LV) maximal -dP/dt was reduced in OLETF rats at 62 weeks (-1085±35 mmHg/s) less than that at 22 weeks (-1892±396 mmHg/sec, p<0.05) and in LETO rats at 62 weeks (-1306±200 mmHg/sec,p<0.05). Wall thickening of intramyocardial coronary arteries, capillary tortuosity and thickening of basement membrane were evident in OLETF rats at 62 weeks. Intimal and medial wall thickening of the aorta were prominent in OLETF rats at 62 weeks (15±2.2 and 90±6.6 µm, in LETO rats at 62 weeks, 2±0.4 and 65±5.2 µm,p <0.05, and in OLETF rats at 22 weeks, 7±4.6 and 71±6.0 µm, p<0.05, respectively). Conclusions/interpretation. In the Type 2 DM model, angiopathy, especially in coronary arteries including small vessels, as well as a LV relaxation abnormality, are induced in a late stage of DM. These are considered to be important complications in Type 2 DM.
loxan or streptozotocin (STZ)-induced diabetes, i.e., a Type 1 DM model, systolic and diastolic left ventricular function and pathological changes of the myocardium have been reported [9, 10, 11, 12, 13, 14, 15] . However, there is little evidence of atherosclerosis or pathological changes of small coronary arteries in such Type 1 diabetic animals [16] .
In contrast, there is little experimental data about the cardiovascular system in Type 2 DM, because a suitable model of Type 2 DM has not been available until recently when the Otsuka-Long-Evans Tokushima Fatty (OLETF) rats were developed as an animal model of Type 2 DM [17, 18, 19, 20, 21] . OLETF rats are characterized by: (i) increasing body weight just after weaning, in contrast to STZ-induced DM rats, (ii) late onset of hyperglycaemia (after 18 weeks of age) and diagnosable DM by OGTT after 24 weeks of age, (iii) hyperinsulinaemia at 24 weeks of age and its decline after 55 weeks of age, and (iv) increasing plasma cholesterol and triglyceride concentrations after 21 weeks of age [17, 18] .
An important question about Type 2 DM is whether the sequence of cardiovascular complications leading to cardiac dysfunction during the development of diabetes differs from that of Type 1 DM. Thus, we examined the pathological changes, if any, in coronary blood vessels and myocardial dysfunction in OLETF rats. We investigated cardiac function and histopathological alterations of the coronary artery and aorta at the early (22 weeks, matured) and late (62 weeks, aged) phases of Type 2 DM in OLETF rats [21] , and compared them to those of age-matched Long-Evans Tokushima (LETO) rats, which do not develop DM [17, 20] .
Materials and methods
All protocols were in accordance with the Guideline on Animal Experiments of Fukushima Medical University and the Japanese Government Animal Protection and Management Law (No. 115).
Experimental animals. We used five-week-old male OLETF rats (n=20) and LETO rats (n=20) as controls (Otsuka Pharmaceutical, Tokushima, Japan), since they do not develop DM or impaired glucose tolerance by OGTT [17] . All rats were caged individually and received normal rat chow and tap water ad libitum in a controlled environment [room temperature 23±1.5°C, room humidity 55±5%), until 19 to 24 weeks (mean, 22 weeks) old, or 59 to 64 weeks (mean, 62 weeks) old (10 OLETF and 10 LETO rats) respectively].
Experimental protocol. All rats were anaesthetized by intraperitoneal administration of sodium pentobarbital (50 mg/kg). Blood was sampled from the tail vein for measurement of casual blood glucose concentration using a Glucose Analyzer (Daikin, Antsense II, Osaka, Japan). Thereafter, two-dimensional echocardiography (2-DE) was carrried out in a prone position.
After the 2-DE measurement, the chest was opened under artificial ventilation, and haemodynamic variables were measured as described below. After the experiment, the heart was isolated after perfusion fixation at a pressure of 100 mmHg. Histopathological and immunohistochemical examinations were done after the relevant treatment.
Transthoracic 2-DE. Two-dimensional echocardiography (2-DE) was carried out using an echocardiographic system equipped with a 10-MHz transducer (Hewlett-Packard, SO-NOS 100CF, Andover, Mass., USA). Heart rate, left ventricular end-diastolic (LVDd) and end-systolic diameter (LVDs), diastolic intraventricular septal wall thickness (IVST), and diastolic left ventricular posterior wall thickness (LVPWT) were measured. Values of five consecutive beats were averaged. Left ventricular ejection fraction (LVEF) was calculated using the Pombo method [22] , with the following formula:
In vivo haemodynamic measurements. After the 2-DE measurement, needle electrodes were inserted into each limb for recording an electrocardiogram (ECG). A thoracheotomy was done and a tracheal tube (18-gauge venula) was inserted. Artificial ventilation was then started, using a rodent respirator (SHIMANO, respirator MODEL-SN-480-7,Tokyo, Japan) and the chest was opened. A 23-gauge needle was inserted from the apex into the left ventricle (LV) and connected to a pressure transducer (Nihon Kohden, TP4005, Tokyo, Japan) for the measurement of LV peak pressure, LV end-diastolic pressure, and the first derivative of LV pressure (dP/dt). ECG (lead II) as well as other variables which were all continuously monitored and recorded on a thermal array recorder polygraph system (Nihon Kohden, Polygraph System, Tokyo, Japan) at a paper speed of 100 mm/sec. LV pressure and dP/dt were averaged for ten consecutive beats. Rate pressure product (RPP) was calculated from heart rates and LV systolic pressure.
Histopathological examination. Perfusion fixation with 4% paraformaldehyde solution was done in five rats from each group at a constant perfusion pressure of 100 mmHg using the needle inserted into the LV cavity. Then, the heart and thoracic aorta were isolated and removed, and the heart was weighed. Both ventricles were cut transversely parallel to the atrio-ventricular groove at the equatorial plane. The hearts and aortas were embedded in paraffin and sectioned. All sections (4 µm thick) were stained with haematoxylin-eosin and Azan stains (Mallory-Heidenhain) for connective tissues. Pictures of heart tissues were taken at 200-fold magnification, and the parameters described below were measured with a photomicroscope analysis system. For evaluating wall thickening of the arteries, the wall-to-lumen ratios from arterioles to large epicardial arteries, diameters which were from 10 µm to 300 µm, were calculated using the following formula: (O-I)/I, where O and I are the diameters of the areas encircled by the outer and inner borders of the vessels [23] . In each heart, 20 to 30 microvessels and three to ten epicardial vessels were examined. For the thoracic aorta, the widths of the intimal and medial layers were measured separately.
In each section, transverse diameters of myocytes, in which the nucleus appeared, were measured from the epicardium to the endocardium of the LV free wall at the mid ventricular level. The values from 50 myocytes were averaged.
Immunohistochemical staining for type III collagen, type IV collagen, and laminin. We carried out semi-quantitative analyses of type III collagen contribution to interstitial fibrosis, and type IV collagen and laminin contributions to the base-ment membrane of coronary vascular beds, using immnohistochemical staining techniques. From each heart five paraffin sections were deparaffinized and after processing with alcohol, immunoperoxidase staining was done by the avidin-biotin-peroxidase complex method [24] . Sections were quenched at room temperature for 30 min in methanol containing 3% H 2 O 2 ,washed for 5 min in tap water and then incubated for 1 h in pepsin solution. The sections were incubated at 4°C overnight with specific type III collagen, type IV collagen and laminin antiserum (Fuji Chemical Industrial, Tokyo, Japan) diluted 300-fold with an antibody diluting buffer. After washing with a phosphate buffer solution, the sections were incubated at room temperature for 30 min with an anti rabbit IgG biotinylated antibody (Nichirei, Tokyo, Japan). Reactions were visualized by incubation in 3,3′-diaminobenzidine solution for 5 min and counterstaining with Masson modified haematoxylin for 3 min. Negative controls consisted of replacing the primary antibody with non-immune rabbit serum.
Electron microscopy. In each age group five OLETF and LETO rats were fixed by perfusion with 2% glutaraldehyde as described above. The hearts and thoracic aortas were then isolated and removed, after this a part of the tissues was postfixed with 1% osmium tetroxide. The tissues were passed through a graded alcohol series followed by propylene oxide, and embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined by transmission electron microscopy (JEOL-1200 EX, Tokyo, Japan).
Statistical analysis. Data are expressed as means ± SD. The significance of differences in haemodynamic variables and 2-DE parameters between LETO and OLETF rats at each experimental period and between different periods was determined using one-way ANOVA followed by the Student's t test. Differences in vessel thickening corresponding to the difference in vessel lumen diameters were evaluated by one-way ANOVA followed by the Fischer exact test for multiple comparisons. The Spearman correlation was used to investigate the relation between vessel diameter and vessel thickening in coronary arteries. A p value of less than 0.05 was considered statistically significant.
Results
General features. At 22 weeks the body weight of OLETF rats was greater than that of LETO rats (644±32 g vs 506±22 g, p<0.05) ( Table 1) . However, the body weight of OLETF rats at 62 weeks was less than that at 22 weeks (62 weeks, 523±90 g, p<0.05). Casual blood glucose concentrations in the OLETF OLETF rats at 62 weeks were higher than at 22 weeks (p<0.01). Heart rates were different at 22 weeks and 62 weeks in both LETO and OLETF rats, and heart rates of OLETF rats were lower than those of LETO rats at each period (p<0.05).
Haemodynamic variables. LVEF, LVDd, and LVDs were not different in OLETF and LETO rats at each period (Table 2) . LV end-diastolic pressure and LV peak systolic pressure as well as LV maximal +dP/dt were also not different in LETO and OLETF rats at 22 and 62 weeks. However, LV maximal -dP/dt was Morphological findings. The transverse diameters of cardiac myocytes were not different in LETO and OLETF rats at 22 and 62 weeks ( Fig. 1 and Table 3 ). The interstitial collagen fibres tended to increase in connective tissues around the small coronary arterial vessels in both LETO and OLETF rats at 62 weeks compared to 22 weeks. However, there was no difference in the amount of interstitial collagen fibres between LETO and OLETF rats at both 22 and 62 weeks. Thickening of vessel wall was observed in OLETF rats at 62 weeks (Fig. 2) . The wall-to-lumen ratio with respect to vessel diameters in OLETF and LETO rats at each experimental period are shown in scatterplots. The wall-to-lumen ratio increased in small coronary arteries and arterioles only in OLETF rats at 62 weeks. There was a correlation between the wall-to-lumen ratios and the diameters (p<0.001) in OLETF rats at 62 weeks (Fig. 3) . The average wall-tolumen ratios in coronary arterioles with diameters less than 100 µm were greater in OLETF rats (3.70±2.8, measured samples n=82) than LETO rats (0.89±0.61, measured samplesn=55, p<0.0001) at 64 weeks. The average wall-to-lumen ratios in coronary arteries and There was no significant differences There were five rats in each group, and 50 cells were counted in each rat Fig. 3 . Scatterplots show the relation between the wall-to-lumen ratio and vessel diameter in LETO and OLETF rats at 22 weeks (upper panel) and 62 weeks (lower panel). In each group at 22 weeks, the ratios were relatively constant in coronary arteries of diameters from 10 to 350 µm. In LETO rats, the ratios were also relatively constant at 62 weeks in coronary arteries of diameters from 10 to 350 µm. However, in OLETF rats, the relationships became greater as the vessel diameters became smaller, and there was a correlation between the wallto-lumen ratios and the vessel diameters (y=24.538x -0.614 , r=0.534, p<0.0001)
arterioles with diameters of 100 µm-350 µm were also larger in OLETF rats (LETO 0.44±0.18, n=20; OLETF 1.04±0.68, n=17, p=0.006).
The thickness of intima and media also increased in thoracic aorta only in OLETF rats at 62 weeks (Table 4) . At 22 weeks, the thickness of aortic wall was not different in LETO and OLETF rats. However, the intimal and medial wall thickenings in OLETF rats (15±2.2 µm and 90±6.6 µm, respectively) were greater than in LETO rats (2±0.4 µm and 65±5.2 µm, p<0.05 vs OLETF rats, respectively) at 62 weeks. Infiltrations of monocytes and macrophages were observed in the intima of the thoracic aorta in 62 weeks OLETF rats at 62 weeks (Fig. 4) .
Immunohistological findings. There were no differences in the degrees of staining of type III collagen, type IV collagen, and laminin in OLETF and LETO rats at 24 and 62 weeks. However, a coil-like meandering of capillary vessels was observed in OLETF rats at 62 weeks (Fig. 5, upper panel) .
Electron microscopic examination. Capillary basement membrane thickening in the heart appeared in OLETF rats at 62 weeks, as shown in figure 5 (lower panel) and Table 5 (177±66 nm vs 87±12 nm, p<0.05).
Discussion
This study investigated LV function, assessed by echocardiography and haemodynamics, and histopathological changes of myocardium and the vascular system, in a Type 2 diabetic animal model with long survival. The main results obtained with OLETF rats are as follows: (i) Functional and pathological changes of the LV myocardium were not observed, except All data are means ± SD. Abbreviations are the same as in Table 4 Five rats were prepared in each group for a relaxation abnormality in older OLETF rats at 62 weeks. The size of cardiomyocytes, and the amount of interstitial collagen were not different, compared to LETO rats. (ii) The intimal and medial walls of the thoracic aorta were thickened with infiltration of monocytes under endothelial cells or in the plaque formation only in older OLETF rats at 62 weeks. (iii) Wall thickening of intramyocardial small coronary arteries appeared only in older OLETF rats at 62 weeks and the degree of wall thickening was prominent as the vessel diameters became small. Capillary tortuosity and thickened capillary basement membrane was found in older OLETF rats at 62 weeks. These findings were considered to be important complications in long lasting Type 2 DM. Myocardial dysfunction, such as a decrease in the contractile performance of the papillary muscle fibre or of the isolated perfused heart, has been well documented in STZ or alloxan-induced DM rats (Type 1 DM model) [9, 10, 11, 12, 13, 14, 25, 26] . However, in this study LV ejection fraction, LV peak systolic pressure and maximal +dP/dt did not change in OLETF rats compared to LETO rats, although LV peak systolic pressure and LV maximal +dP/dt in both LETO and OLETF at 62 weeks in the open chest state decreased similarly compared to the rats at 22 weeks. Among the indices of LV function only maximal -dP/dt decreased in OLETF rats compared to LETO rats, suggesting impaired myocardial relaxation [27] . Relaxation abnormality in the diabetic heart has been found in clinical studies as well as experimental investigations [28, 29] . Another study [30] recently reported that an increase of interstitial collagen and diastolic filling abnormalities appeared in the pre-diabetic stage in OLETF rats. However, in the diabetic stage at 47 weeks of age, the amount of interstitial collagen and LV diastolic function in OLETF rats was not different from LETO rats.In contrast, no collagen accumulation in the extracellular matrix of the heart or LVEDP and LVDd abnormalities were found in this study. The reason for this difference between the two studies is unclear. Although the cause of relaxation abnormality is not clarified by this study, it is suggested that depressed myofibrillar Ca 2+ -stimulated ATPase, de- The capillary vessels in the heart changed spirally (arrow) in OLETF rats (×200). Lower panel: Electron micrograph showing capillary basement membrane in the heart was thickened in OLETF rats at 62 weeks creased sarcoplasmic reticulum Ca 2+ -pump activities, and abnormal sympathetic innervation of the heart might be partly responsible for impaired relaxation of the diabetic heart [8, 31] . Moreover, changes in the afterload resistance might partially relate to lower maximal -dP/dt at 62 weeks in OLETF rats, although afterload resistance was not measured in this study. LVdP/dt might also be altered by changes in various factors such as temperature, plasma or tissue catecholamines, and heart rate. Thus, this issue remains to be clarified. In our study, heart rate in OLETF rats decreased compared to LETO rats. It is of interest that heart rate decreased in DM rats, since diabetic cardiomyopathy is expected to also be associated with heart neuropathy, showing decreased parasympathetic modulation and higher heart rates. In contrast to this possibility, decreased heart rate has been reported in STZinduced DM rats [9] . The underlying mechanism of the association of diabetes and reduced heart rates is unclear although it could be partly due to changes in the electrophysiological properties of the sino-atrial node as indicated in isolated hearts by a depressed spontaneous activity of the pacemaker [32] and/or to decreased sensitivity to adrenergic stimulation, or increased sensitivity to muscarinic stimulation [9] . However, these previous results were obtained using STZ-induced Type 1 DM rats, so further study of the Type 2 DM condition is needed to explain the alteration of heart rates in diabetic cardiomyopathy associated with heart neuropathy.
One study [33] reported that in OLETF rats at 30 weeks there was perivascular fibrosis in the LV, and LV mRNA levels for collagen types I, III and IV, laminin, and TGF-ß in extracellular matrix were higher than in LETO rats. However, at 54 weeks the degree of LV interstitial fibrosis and LV mRNA levels for collagen type I, III, and IV, and laminin were not different from the age-matched LETO rat. The lack of significant interstitial fibrosis and perivascular fibrosis in OLETF rats at 62 weeks in this study is consistent with their results [33] obtained at 54 weeks, although we did not examine type I collagen or TGF-ß. However, it should be noted that in this study OLETF rats at 22 weeks also did not show interstitial fibrosis or changes in type III and IV collagen. Further study is needed to determine whether this is due to the very early stage of Type 2 DM, or whether those changes are observed only in a specific stage of Type 2 DM.
The most prominent pathological findings in this study with OLETF rats were aortic atherosclerosis and wall thickening of small coronary arteries. Monocyte infiltration and development of the atherosclerotic process could be partly associated with these vascular changes. As far as we know these findings in a Type 2 DM model are the first to show the pathological changes in the important arterial system. Capillary tortuosity and thickening of capillary basement membrane in the heart, as described previously in Type 1 and 2 DM [34] , were also observed in our OLETF rat model. In contrast, in this study the pathological changes in the epicardial coronary artery seemed to be small during the observation period. Despite the fact that atherosclerotic changes and/or vascular injury in aorta and small coronary arteries, including capillary vessels, are prominent in the OLETF rat Type 2 DM model, serious myocardial damage or ventricular re-modelling was not clearly observed. However, we cannot rule out the possibility that vascular changes in the aorta and coronary arterial system could lead to severe cardiac re-modelling and dysfunction after a longer period of observation, because cardiovascular complications are without doubt the most common cause of death in diabetic patients, with no apparent difference between Type 1 and 2 DM [35] . As far as we know, there are no previous data concerning the cardiac pathophysiologial and vascular changes, except for diabetic nephropathy [21] , with longer follow up times than our experimental period. Accordingly, it is difficult to determine whether the diabetic state is really associated with a premature atherosclerosis process. On the other hand, in long-term STZ-induced DM rats macroangiopathy in the aorta and coronary blood vessels was not observed, but myocardial damage and ventricular remodelling were found accompanied by LV systolic and diastolic dysfunction [9, 10, 14] . Thus, the effects of Type 1 and 2 DM on the cardiovascular system, especially on cardiac function and myocyte morphology as well as on small coronary arteries seem to be different, although pathological changes in capillary vessels of the heart were commonly observed, and interstitial fibrosis did not appear in either type of DM. However, it is unclear whether or not the experimental results are directly relevant to clinical Type 2 DM, so they should be interpreted with care.
